. This distribution pattern was considered to result from upwellingfavourable wind conditions, creating fronts along the shelf in which the cyprids become concentrated. Cyprid vertical migration, in association with current vertical shear and onshore movement of fronts during upwelling-relaxation periods, may be the mechanisms returning cyprids to the coast to settle. The regularity of these events in the region falls within the period of cyprid viability.
INTRODUCTION
Rocky coast cirripedes are one of the most important suppliers of crustacean larvae to coastal systems, and understanding the interactions involved in their recruitment is important in coastal ecosystem management and conservation. There have been many studies on the biology of cirripede larvae (e.g. Sousa et al. 2000 , Jenkins et al. 2001 , Noda 2004 , most over the cyprid settlement phase. Studies on the pre-settlement cyprid phase have generally been restricted to sampling in very shallow coastal waters and often at only one depth. This has provided only limited information on interspecific differences in vertical distribution, but there is evidence that cirripede larvae species can maintain their depth distribution even in shallow frontal conditions (Pineda 1999 ) and that at least some species perform diel vertical migrations (Garland & Zimmer 2002 , Rawlinson et al. 2005 .
As part of the dispersal process, many cyprids can be found a considerable distance offshore (Le Fèvre & Bourget 1991) , but few studies have been carried out on the distribution, behaviour, dispersal mechanisms, and thus potential survival of this part of the population, to compare with observations from shallower sites. Previous research has suggested that distribution of cyprids over shelf areas and their recruitment potential are strongly influenced by ocean currents, upwelling events and relaxation (downwelling) periods (Noda 2004 , Broitman et al. 2005 , with vertical migration also having a role (Alexander & Roughgarden 1996) . ABSTRACT: The distribution of cirripede cyprids in relation to associated oceanographic conditions was obtained from a grid survey and intensive vertical sampling at a fixed station located 21 km off the northwest Portuguese coast in May 2002. Analysis of cyprid length composition allowed separation of 3 species groups. Chthamalus montagui, Pollicipes pollicipes and Balanus perforatus were largely restricted to the neuston layer and showed only low-amplitude vertical migration. Most C. stellatus cyprids only appeared in the upper 20 m at night, a migration which did not appear to be affected by physical conditions in the water column, but some differences in the vertical migration pattern between days were probably related to varying light penetration. C. montagui is the most abundant adult species found along the Portuguese coast, but C. stellatus cyprids, at densities of up to 8.7 ind. m -3
, were the most common sampled in all depth strata at the fixed station. Cyprid horizontal distribution was mainly restricted to an offshore band along the inner shelf, where highest densities were 11 to 15 ind. m Some studies on the recruitment of cirripedes on Portuguese shores have been carried out (e.g. Range & Paula 2001) , but none on the distribution, horizontal and vertical, of the cyprid stages in shelf waters. The commonest cirripede recorded along the Portuguese coast is Chthamalus montagui Southward, 1976 , C. stellatus (Poli, 1791 being less abundant, though co-occurring (Sousa et al. 2000 , Range & Paula 2001 , Boaventura et al. 2002 .
The objective of the present study was to describe the 3-dimensional distribution and any diel vertical migration behaviour of cyprids, particularly Chthamalus spp., on the northern Portuguese shelf, in relation to shelf oceanography, towards a better understanding of offshore dispersal and coastal recruitment mechanisms for the region.
MATERIALS AND METHODS
Fieldwork. Sampling was carried out during a research cruise aboard RV 'Noruega' (ProRecruit'2002-02050502) from 9 to 22 May 2002 (Santos 2002) , on the Portuguese shelf ( Fig. 1) .
At the beginning of the cruise, a mooring with 3 current meters (Aanderaa RCM 9) and 2 high-accuracy conductivity, temperature and pressure recorders (CTDs, Sea-Bird Electronics, MicroCats) was deployed on the inner shelf at 40°45.9' N, 08°59.0' W, approximately 21 km offshore (Fig. 1) . It was positioned at a bottom depth of 60 m, in an area adjacent to the Aveiro coastal lagoon, where cirripede cyprids were expected to be abundant. An initial grid of CTD stations, composed of 4 transects perpendicular to the coast (Fig. 1) , was carried out from 11 to 14 May 2002, to obtain, in conjunction with the current meter measurements, a quasi-synoptic view of the mesoscale circulation patterns. Temperature, salinity and chlorophyll a (chl a) concentration were measured at each station with a CTD SBE 9p+ Seapoint fluoro-meter (S/N 19860-0530) , in its first use after factory calibration, with a sampling rate set to 12 or 24 scans s -1 and a lowering rate of approximately 1 m s -1 . The same grid was repeated on 15 to 17 May 2002, but, in addition to CTD sampling at each station, depth-integrated plankton samples to obtain cyprid horizontal distribution data were collected at the inner shelf stations (Fig. 1) . Sampling was done using a WP-2 (Working Party No. 2; UNESCO 1968) plankton net of 180 µm mesh, fitted with a calibrated flowmeter, towed obliquely between the surface and 10 m above the bottom.
Environmental sampling was carried out round the mooring position for 69 h, from 18 to 21 May 2002, to describe short time-scale variability and provide a detailed resolution of the vertical structuring of the cyprid population. Temperature, salinity and chl a concentration were measured every hour with the CTD, and depth-stratified zooplankton samples were collected every 2 h using a Pro-LHPR system, a commercially updated version of the Longhurst Hardy Plankton Recorder (Williams et al. 1983 ). The Pro-LHPR was fitted with a 280 µm mesh net and was towed at 3 to 4 knots, sampling on oblique hauls from the surface to 10 m above the bottom. This system collects zooplankton between 2 rolls of 280 µm filtering gauze. The gauze is advanced at specified time intervals inside a cod-end box to give, for each haul, a series of consecutive samples over the water column. The total sampling time for each haul was approximately 30 min. Samples were collected at approximately 5 m depth intervals in the first 25 m and at 10 m depth intervals down to near bottom. Flow rate was monitored by a flowmeter mounted in the mouth aperture, and each sample represented approximately 25 m 3 of water filtered. A high-speed net was used, thus avoidance by cyprids is not considered to be a problem.
The Pro-LHPR does not adequately sample the very surface layer, so neuston net samples were also collected every 2 h at the fixed station. The net had a single rectangular mouth opening of 0.2 × 1.0 m, a net of 335 µm mesh and a flowmeter mounted in the mouth aperture. It was towed horizontally for 3 min at a ship speed of ~1.5 knots, sampling the surface 20 cm.
Sample processing. All zooplankton samples were preserved in 4% borax-buffered formaldehyde, prepared using seawater. Samples were subsequently sorted for cirripede cyprid stages, which were counted and measured. Samples containing > 200 cyprids were sub-sampled using a stempel pipette. Using flow information, count data were standardised to individuals m -3
. Cyprid measurements were made under a binocular microscope (Leica M7.5) and were taken as the carapace length (CL), the distance from the anterior to posterior margin of the carapace. A total of 6222 cyprids were measured. Cyprids, particularly those of Chthamalus montagui and C. stellatus, were identified based on their carapace lengths, following the methods proposed by . They were also separated into the same 25 µm class intervals. Length-frequency (total number in each length class divided by the total numbers in all classes) histograms were produced using the class intervals.
Statistical analysis. A Kolmogorov-Smirnov test was used to compare cyprid length classes from the depthstratified night and day samples taken with the neuston and Pro-LHPR nets, and a correlation analysis was carried out on selected cyprid length classes to support the species separation conclusions presented by Power et al. (1999) . For comparison of vertical distribution between night and day, weighted mean depth (WMD) values were calculated using the formula given by Pearre (2003) . An autocorrelation analysis of the Chthamalus stellatus size class data, and their transformation using the moving averages, normalised per cubic metre of water sampled, was made using the R program (R Development Core Team 2005) to test if the vertical distributions observed had a periodicity that was statistically significant. Additionally, the local diffuse light attenuation coefficient for the surface layer was calculated according to the formula given by Fiksen & Giske (1995) , using the chl a data, to test if cyprids responded to changes in light levels in their vertical distribution behaviour.
RESULTS

Oceanographic conditions during the cruise
In the weeks preceding the cruise, northerly winds prevailed, leading to coastal upwelling conditions (Santos et al. 2006) . The main response of the surface layer to these conditions was the offshore displacement of the low-saline buoyant plume, the Western Iberian Buoyant Plume (see Peliz et al. 2002) , and its mixing with the 'background' shelf and slope waters. This surface layer, with salinities < 35.8, was present over the entire shelf and slope. A reversal of the wind direction occurred just before the 15 to 17 May WP-2 plankton sampling grid, creating convergence conditions in the surface layers. This had little effect on the hydrography, but led to the development of a poleward current, with values of ~0.05 m s -1 over the mid-and inner shelf. At the end of the first day of sampling at the fixed station (18 May), the wind changed again, to northerlies ( the second day ( Fig. 3a) , related to the change in wind and current direction. By the end of sampling, this lens occupied the upper 15 to 20 m of the surface layer.
Considering the wind and current direction, it is probable that it was advected from the northern coast. A second sub-surface salinity minimum was located between 15 and 35 m depth between 2 pycnoclines (Fig. 3b) . A thermocline was also present between 10 and 20 m.
Horizontal distribution of cirripede cyprids
From the WP-2 net grid sampling, cyprids (all species combined) displayed a pronounced meridional distribution between the 30 and 100 m contours on the inner shelf (Fig. 4) . At the inshore stations they were in very low numbers (0.01 to 0.70 ind. m -3 ), with positive stations situated in a band between 2.3 km from the coast in the most northern transect of the grid to 31 km from the coast in the second most southern transect. Cyprids were not present further than 40 km from the coast, and highest numbers (11 to 15 ind. m -3 ) were sampled in the 2 southern transects. However, a 1-way ANOVA test showed no significant differences in abundance between the north and south stations. The same test proved statistically significant differences between inshore and outer shelf areas (R = 0.506, p < 0.001), confirming the cross-shore distribution, with cyprids being mainly in the inshore part of the shelf. The 69 h station was located inside the outer limit of the distribution band.
Length distribution and species of cyprids from neuston and Pro-LHPR sampling
Length-frequency distribution of all cyprids, from the neuston and Pro-LHPR samples combined, gave a CL range from 376 to 1225 µm, with very low numbers at the outer limits ( 
Vertical distribution of different cyprid species
The length frequencies for all cyprids (excluding the low numbers of outliers) are presented in Fig. 6 by depth layers, separated into night and day sampling. The second modal group, considered to be Chthamalus stellatus, includes 4 designated size classes, 526 to 550, 551 to 575, 576 to 600 and 601 to 625 µm, as used by . Previously, Power et al. (1999) , in their study using mtDNA-RFLP analysis for separating the 2 Chthamalus species in northern European waters, showed that all individuals in the 526 to 550 µm size class were C. montagui. This was further confirmed from CL information by O'Riordan et al. (2001) and by CL and morphological examination by Jenkins (2005) . To corroborate this, a correlation analysis was carried out between each depth level, comparing these individual size classes. There was a strong correlation (p < 0.01) between all but the 526 to 550 µm size class. Given the information from previous studies supporting the strong correlation results, it was concluded that this size class was probably an overlapping mixture of species, and because of the uncertainty of identification, it was excluded from further data analysis.
The night and day size-frequency distributions of the cyprids were similar for all layers (Fig. 6) , apart from the neuston and 0 to 5 m layers. These latter layers were statistically different (p < 0.001) according to a Kolmogorov-Smirnov test comparing the numbers per cubic metre and length distribution at each depth. In the neuston layer this difference was caused by the presence at night of a large number of Chthamalus stellatus cyprids. In the 0 to 5 m layer the difference was caused by the presence of higher numbers of individuals belonging to the size class from 726 to 900 µm, which includes Balanus perforatus, but only at night. They occurred in low numbers, but were most abundant in the first 2 layers, with similar numbers in the neuston layer day and night, although small numbers were found throughout the water column. The first modal group (Pollicipes pollicipes and Chthamalus montagui) were almost totally restricted to the neuston layer, with most present during the day. C. stellatus was the only cyprid species well represented in all layers, at densities of up to 8.7 ind. m -3 . In the first 3 layers (surface to 10 m), they were more abundant at night, while below 10 m depth they were always more abundant during the day.
Vertical distribution and migration of Chthamalus stellatus cyprids
The percentage distribution of the C. stellatus cyprids over the water column, separately plotted for each of the 3 d of sampling, is given in Fig. 7 . There was an obvious diel vertical migration towards the surface at In order to verify if the vertical migrations had a regular periodicity, an autocorrelation analysis for the Chthamalus stellatus size group (551 to 575, 576 to 600 and 601 to 625 µm size classes) was performed using R software. Both positive (daytime) and negative (night-time) values showed a very approximate 20 h lag period (Fig. 8) . This confirmed that the cyprids were performing a daily vertical migration, being mainly below 20 m during the day and close to the surface at night.
Besides diel vertical migration, on Day 3, the cyprids maintained an overall much deeper distribution than during the previous two 24 h periods. To examine whether there could be a relationship between cyprid behaviour and light intensity at the surface, Fig. 9 presents the light diffuse attenuation coefficient for the surface layer and the average depth of the cyprids at the sampling station at each sampling interval. This was calculated following data transformation using the moving averages within the time series analysis. The average depth of the Chthamalus stellatus cyprids increased during the observation period and showed a good correlation (-0.59 , statistically significant at p < 0.05) with the light attenuation coefficient, which decreased slightly after the first day of sampling.
DISCUSSION
Cyprids sampled during the study were identified based on their carapace length compared to published information ) and the known abundance of different species of adults on the Portuguese coast. This method has been widely used in several ecological studies in Europe (O'Riordan et al. 2004 , Cruz et al. 2005 , Jenkins 2005 , cyprids of this latter species are always < 500 µm. Additionally, latitudinal length differences in cyprids are acknowledged, such that those at the northern part of their range tend to be larger than those in the south (e.g. Crisp 1961 ), so it is unlikely that the C. montagui cyprids could be larger than those from the O'Riordan et al. (2001) study. Moreover, the statistical analysis indicated that the 3 size classes that compose the C. stellatus group strongly correlated with each other.
The most abundant cyprids sampled at the fixed station were of Chthamalus stellatus, even though adult populations of C. montagui have been reported to dominate the area (Boaventura et al. 2002) . Apart from February and March, Chthamalus spp. recruit throughout the year (Range & Paula 2001) , with a peak from July to September, but larval release is not uniform during the reproduction period. In the present study, cyprid abundance was determined from sampling over a 3 d period in May, so the high abundance of C. stellatus relative to C. montagui could be because sampling corresponded to a peak of larval release by the C. stellatus population. However, there have also been variations reported in the regional abundance of C. montagui adult populations along the Portuguese coast (Range & Paula 2001) , and the north coast has not been as intensively studied as the south, so an area where C. stellatus were more abundant could have influenced the fixed-station observations. Two other cyprid modal size groups were distinguished in the samples, identified as a Chthamalus montagui/Pollicipes pollicipes mixture and Balanus perforatus. A further 2 cirripede species, with cyprids within the same size range as C. stellatus could occur in Portuguese waters, Elminius modestus and Verruca stroemia. However, in a recent census update (O'Riordan & Ramsay 1999), E. modestus was recorded only from the southern Portuguese coast and V. stroemia is considered only a possibility for occurrence in the study area (P. Ré pers. comm.).
The WP-2 net grid sampling showed that cyprids were mainly restricted to an offshore band located between approximately 15 and 30 km from the Portuguese coast. They were not found > 40 km from the coast, a maximum dispersal range similar to that found for cyprids of coastal species in other geographical areas (Southward 1962 , Ardisson et al. 1990 ). Neuston net sampling was not carried out on the WP-2 grid, but the surface layer has been shown in other studies (Le Fèvre & Bourget 1991 , Rawlinson et al. 2005 , and in neuston sampling at the fixed station, to be where high numbers of cyprids can be found. However, the numbers of cyprids observed deeper in the water column, during the fixed station Pro-LHPR sampling, indicated that the WP-2 grid would be an adequate indicator of cyprid horizontal distribution.
There is good evidence that oceanographic processes and fronts can play a major part in the distribution and aggregation patterns of barnacle larvae (Alexander & Roughgarden 1996 , Noda 2004 . Ekman transport can carry larvae offshore, where they may accumulate in frontal zones. In a study conducted in the same area and in similar conditions to the present one, i.e. in an upwelling-relaxation phase, after several weeks of upwelling-favourable wind, Peliz et al. (2002) observed the formation of an upwelling front on the middle shelf and a second front on the inner shelf. These conditions could be one of the mechanisms that created the discrete distribution band of cyprids observed in the present study. Indeed, larval transport modelling suggests that intertidal organisms require an offshore front to limit offshore transport, or the population could go extinct (Alexander & Roughgarden 1996) .
The Pro-LHPR and neuston net sampling probably gives the most detailed description of the vertical distribution of coastal cyprids ever carried out offshore. They were mainly in the upper water column, but there were differences between species in the depths occupied, indicating different behaviour. Even in shallow inshore waters, where turbulence would be expected to have a major influence on the vertical distribution of cyprids, there is evidence that at least some species can maintain discrete distribution ), after transformation using the moving average for a 12 lag period (corresponding to 24 h), at the 69 h station patterns under all conditions of stratification and mixing (Le Fèvre & Bourget 1991) .
The vertical distribution pattern of cyprids in the water column has been suggested to be related to where they prefer to settle in the intertidal zone (Miron et al. 1995) , resulting from differences in duration of exposure at particular levels in the intertidal zone. Their proposed settlement patterns would certainly agree with the vertical distribution of Chthamalus montagui and C. stellatus cyprids observed at the fixed station, in relation to the zonation of adults in the Portuguese intertidal zone. Where the 2 species cooccur, the centre of the vertical distribution of adult C. montagui is above that of C. stellatus (Sousa et al. 2000 , Range & Paula 2001 , as also noted in other areas (Southward 1976) .
Superimposed on the general vertical structuring of the cyprids in the water column, it was obvious that vertical migration between layers was also taking place. The Chthamalus montagui/Pollicipes pollicipes group was most abundant in the neuston layer during the daytime, while the Balanus perforatus group accumulated in the 0 to 5 m layer at night. Only C. stellatus was present in high enough numbers to allow examination of their detailed vertical distribution, and bulk movements of the population demonstrated that they were performing a vertical migration into, or towards, the surface at night. However, these results do not agree with the sampling carried out by Le Reste (1965) , who reported highest abundance of the cyprids of C. stellatus in the top 10 m during the day. However, that study was carried out before C. stellatus and C. montagui were established as separate species (Southward 1976) , so they may have been C. montagui.
Vertical migration has been indicated in several cyprid species from studies in coastal waters (Le Fèvre & Bourget 1991 , Garland & Zimmer 2002 , Rawlinson et al. 2005 , although most sampling was at one depth only and diel vertical migrations were inferred by changes in abundance at that depth. Similar to the present study, all species did not show the same behaviour. De Wolf (1973) considered that, depending on tidal conditions, cyprids could even settle onto the bottom sediments, and there were certainly indications from the present study that high numbers of Chthamalus stellatus cyprids were at least distributed very close to the bottom.
Chthamalus stellatus cyprids migrated into the surface layers at night during the first 2 d of sampling at the fixed station, but not in the third night. There is evidence that cyprids respond to changes in light levels (Crisp & Ritz 1973) , so the change in their behaviour may have been because the surface light diffusion attenuation coefficient decreased over the 3 d, indicating more light was penetrating. This was supported by the correlation between light levels and their average depth. Diel vertical migrations cannot be attributed to feeding migrations, as cyprids are a nonfeeding stage, but may be a predator-avoidance mechanism (Pearre 2003) , to avoid surface waters when light attenuation is low.
The lens of low salinity water that arrived over the fixed station 12 h after sampling commenced is unlikely to be the reason the cyprids did not migrate to the surface on the third day, as on the second day they still reached the surface. Garland & Zimmer (2002) considered that vertical migration behaviour in cyprids was disrupted due to the passage of a downwelled thermocline with a gradient of ~5°C, while in the present study cyprids passed through a lesser thermocline of ~1.8°C, a halocline of ~0.2 and a pycnocline of 0.53 kg m -3 without any obvious disruption. Additionally, the passage of 2 internal bores (at ~15 m depth) was detected at 06:00 and 18:00 h on 20 May (P. B. Oliveira pers. comm.), without any obvious affect on the vertical distribution of the cyprids. However, internal bores are short life structures, and how they would impact the vertical distribution of the zooplankton is not known.
The upwelling that preceded the cruise is characteristic of spring and summer time off the Portuguese coast, the period when cirripede larvae are most abundant. It is well documented that larvae of coastal species can use vertical migration in the vertically sheared flows, which develop as a result of Ekman transport, to retain themselves over the inner shelf close to settlement sites (Alexander & Roughgarden 1996) . However, only the Chthamalus stellatus cyprids showed extensive vertical migration, remaining close to the surface at night for a period of approximately 8 h, most returning to below 20 m during the day. As they spent a longer time below 20 m, their position from the shore would depend on relative current speeds. In support of the advantage of vertical migration, a modelling study on crab (Carcinus maenas) larvae off western Iberia (Marta-Almeida et al. 2006) showed that there was high dispersal and very low retention if they did not migrate.
The seasonal upwelling-favourable winds off western Iberia have pulses of about 7 to 10 d, interspersed with relaxation periods, during which there are convergence conditions that lead to the onshore movement of the upwelling front and the Western Iberian Buoyant Plume (Ribeiro et al. 2005) . Even a proportion of the cyprids that remained in the surface waters may thus have the opportunity to settle.
Chthamalus stellatus and C. montagui, under experimental conditions, took approximately 17 d to reach the cyprid stage (Burrows et al. 1999 ), but there is no information about the time taken for their body reserves to become so depleted that they would be un-able to metamorphose. As an indication, it is reported that at 10°C, cyprids of Balanus balanoides can survive for between 2.5 and 4 wk and still metamorphose (Lucas et al. 1979) . The timing of oceanographic events, returning cyprids to the coast, may thus determine mortality levels (Alexander & Roughgarden 1996) , but, off the Portuguese coast, these probably fall within the period of cyprid viability.
